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Model Predictive Control of Grid-Connected
Inverters for PV Systems With Flexible Power
Regulation and Switching Frequency Reduction
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Abstract—This paper presents a model predictive direct power
control strategy for a grid-connected inverter used in a photo-
voltaic system as found in many distributed generating installa-
tions. The controller uses a system model to predict the system
behavior at each sampling instant. The voltage vector that generates
the least power ripple is selected using a cost function and applied
during the next sampling period; thus, flexible power regulation
can be achieved. In addition, the influence of a one-step delay in
the digital implementation is investigated and compensated for
using a model-based prediction scheme. Furthermore, a two-step
horizon prediction algorithm is developed to reduce the switching
frequency, which is a significant advantage in higher power appli-
cations. The effectiveness of the proposed model predictive control
strategy was verified numerically by using MATLAB/Simulink
and validated experimentally using a laboratory prototype.

Index Terms—Inverters, model predictive control (MPC),
power regulation, switching frequency reduction.

I. INTRODUCTION

ECAUSE OF the drive to move away from fossil fuel

and various government policies aimed at reducing car-
bon dioxide emissions, distributed generation (DG) units are
increasingly being deployed and connected to the local low-
voltage power system through a power converter. Photovoltaic
(PV) panels are the most common form of DG, while there
may also be fuel cell systems and smaller wind turbines [1]—[3].
In order to obtain more capacity and control flexibility, which
leads to improved system reliability and power quality, these
DGs are integrated into a common ac or dc bus with an energy
storage system to form a microgrid [4], [5].

Another promising characteristic of a DG system is its grid
support capacity. The stabilization of the power system is a
challenging task due to fluctuating load demands. In this sense,
DGs should be used and controlled to provide active power and
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reactive power compensation to help stabilize the main power
system in terms of voltage and frequency [6]. Therefore, a DG
power converter is required to operate more efficiently and ef-
fectively to maintain high power quality and dynamic stability.

There are various existing control strategies for grid-
connected inverters, among which direct power control (DPC)
is one of the most popular control approaches. Conventional
switching-table-based DPC (SDPC) has been widely used be-
cause of its advantages such as simplicity, robustness, and
excellent transient response [7]. Later, many improved DPC
methods had been developed to achieve better performances
[8]-[10].

Model predictive control (MPC) appears to be an attractive
alternative for the control of a power converter because it has a
flexible control scheme that allows the easy inclusion of system
constraints and nonlinearities. In this control, a system model
is used to predict the system behavior using the present states
and the control action. A cost function is then employed as
a criterion to select the optimal switching states. The control
objectives of MPC can vary considerably according to the
application. For example, the control objectives are active and
reactive powers for rectifiers [11]-[13], electromagnetic torque
for electric drives [14], [15], and the voltage or current for
inverter systems [16]-[19]. However, so far, very little has
been reported on flexible power regulation for a grid-connected
inverter using MPC strategies. Flexible power regulation is very
essential for DGs because frequency regulation by active power
control and voltage support by reactive power compensation
is required after grid connection. More recently, a model pre-
dictive DPC (MPDPC) for a grid-connected inverter with an
LC'L filter was developed in [20]. The power injected into the
grid was not controlled directly due to the filter capacitance. In
addition, the additional poles introduced by the LC part induce
resonance into the system, leading to stability issues.

There is a perception that there is a clear tendency to in-
crease the power capacity and voltage level with the purpose
of increasing the efficiency in distributed-power generation.
However, relatively high switching frequency will cause a
large power loss [21]. Consequently, attention has been paid
to switching frequency reduction in the control of a power
converter [18], [19].

By taking the advantage of the flexibility of the MPC ap-
proach, this paper proposes an MPDPC strategy for a grid-
connected inverter in a PV system. A cost function is first
defined to reduce the active and reactive power ripples. Next,
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Fig. 1. One-phase model of the grid-connected PV system.

a model-based prediction scheme is developed to compensate
for a one-step delay in the digital implementation. In order to
reduce the inverter switching loss, a two-step horizon prediction
algorithm (N = 2) is developed. Both simulation and experi-
mental results validate the effectiveness of the proposed control
strategy.

II. SYSTEM MODELING

Fig. 1 shows a PV system connected to the grid through an
inverter. Generally, a PV system consists of a dc—dc converter
and an inverter. The maximum power tracking is implemented
in the dc—dc converter while the inverter is used to convert the
dc voltage to ac voltage [22]. In this paper, the grid-side inverter
is focused upon. The voltage of a three-phase two-level inverter
is determined by the switching states and can be controlled to
seven vectors

i=1,...,6
- (1)

Transforming the voltage vectors from the three-phase abc-
frame to the orthogonal a3-frame yields the o8 components:
Vi = [Via Vig]T. Subsequently, the mathematical model of the
grid-connected inverter system can be described in orthogonal
af-frame

dI
Vi = La +RI+V, (2)
where V,, = [Vyo Vyp]t is the grid voltage and I = [I,, Ig]"
is the line current. Considering sinusoidal and balanced grid
voltage, one can obtain

dVya

dz = —we Vgﬂ (3)
dVys
—di =w - Vga (4)

where w is the frequency of grid voltage in radians per second.
Equations (2)—(4) can be rewritten as a state-space system

dx
—=A BV; 5
o = At (5)
where
z :[{a RIB Voa ‘{gﬁ}T (6)
R OR I 01
o -2 0 —+
— L L
A 0 0 0 —w (7)
| O 0 w 0
_% 0
|0 .
LO O

In this state-space system, I and V; are the state variables
and are measured, while V; is the input.

III. PROPOSED MPDPC CONTROLLER

The aim of the MPDPC controller is to enable flexible power
regulation and switching frequency reduction.

A. Flexible Power Regulation

In order to achieve flexible power regulation, the system
model uses active and reactive powers as the state variables.
These should be obtained for the design of the MPDPC con-
troller. However, the system model in (5) uses the line current
and grid voltage as the state variables, and it is not related
directly to the output power. Consequently, an accurate model
for active and reactive powers is required, which is one of the
challenging tasks of this work.

The instantaneous active and reactive powers injected into
the grid by the grid-connected inverter system can be described
as a state equation, where

Vs

Pl 3[V, } {Ia]
= = - . 9
-] -2l BBl o
The active and reactive power derivatives with respect to time

t can be derived from (9) as
dpP dVye — dV, dl,
IS E A Sl A
o 2 g3 _ V9o Iﬁ 2 Vgﬁ _Vga =L

dt
dt dt (io)
Combining (5), (9), and (10) yields
dy 3 3
= = — DV, — —F 11
a = OV PVim BV an
where
r_R
c=|1 _“} (12)
o -2
[V, V
D=| 9> 9P } 13
_Vgﬂ —Vga (13)
— —Vga Vs
E = 0 0 } (14)

It can be seen that the grid-connected inverter system is now
represented by a state-space system with P and () as the state
variables and V; as the input; V;, can be measured. A discrete-
time model of (11) for a sampling time 75 is

3

I+ 1) = y(8) + [Colh) + S DViR) — 5

EVg(k)] Ts.
(15)

Since the sampling time 7 is very small, it can be assumed

that

CT,)? CT,)"

L2, (L)

e“Ts =14 CT, +
2! n!

~1+ CT. (16)
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Fig. 2. Tllustration of MPDPC controller. (a) Voltage vector evaluation and
selection. (b) Block diagram.

Therefore, the discrete-time model of (15) can be further sim-
plified to

y(k+1) = Cay(k) + o DaVilk) — or EaVy(K)  (17)
where
Cy=eCT (18)
Ts
Dy = /GCTDdT (19)
0
T
By = / eC“TE dr. (20)
0

This equation can be used as the predictive model in the
proposed MPDPC controller. Fig. 2(a) clearly illustrates the
essential properties of the MPDPC strategy. All possible system
transitions y,;(k + 1) can be predicted using the discrete-time
model of the system for all control actions (or the time horizon)
of N(N=1,2,3,...,n). Take N =1 as an example; the
system behavior at k + 1 instant can be predicted with the
measured value y(k) and n possible voltage vectors, resulting
in n possible values y,1, Yp1; - - - , Ypn. Now, suppose that y,,3 is
closest to y*; the voltage vector producing y,3 will be selected
and applied between the k and (k + 1) instants.

Fig. 2(b) depicts the MPDPC control strategy for a grid-
connected inverter system in order to obtain flexible power
regulation. The measurements of the line currents and grid
voltages are used to calculate the active power P(k) and
reactive power (k). The values at the next sampling instant
P(k+1) and Q(k + 1), for all possible voltage vectors, can
be predicted using the discrete-time model (17). To select
the optimal voltage vector, all predicted powers are compared
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Fig. 3. Data processing in a DSP.

using a cost function, and the voltage vector that minimizes
this cost function is chosen and applied at the next sampling
period. Here, since the active and reactive powers have the
same priority for flexible power regulation, the following cost
function is utilized. To minimize the power error

J=(P"—Pk+1)*+(Q —Q(k+1))?* (21)

where P* is the reference active power and QQ* is the reactive
power. This cost function has been chosen in order to minimize
the power errors so that the grid-connected inverter system
can inject any amount of active and reactive powers within its
capacity. This is a very useful attribute for DG units.

B. One-Step Delay Compensation in Digital Implementation

Fig. 3 illustrates the process of the control algorithm exe-
cution in the digital hardware system. The system controlled
variable y(k) is sampled at ¢ = ¢;, and the analog-to-digital
conversion process is completed at ¢ = ¢5. The calculation of
the appropriate voltage vector is finished at ¢ = ¢3, but it is
not applied until the next sampling instant at ¢ = t4. This is
the one-step delay. Now, an in-depth analysis of the one-step
delay is performed. After the desired voltage vector V';(k) is
determined using y(k) and y* at t = t3, it will not be applied
until the (k + 1)th instant. However, the variables at the (k +
1)th instant have evolved into y(k + 1), which will usually be
different from y(k) due to the application of V;(k —1). As a
result, the vector applied at the (k + 1)th instant, which is deter-
mined based on y(k), may no longer be the best one. Therefore,
y(k + 1) should be employed to determine the desired voltage
V;(k), which will reduce the error at the (k + 2)th instant with
respect to the reference value y*.

In this paper, a new two-step prediction scheme is developed
in order to incorporate a one-step delay compensation with
MPC strategy. P(k + 1) and Q(k + 1) are first obtained from
(17). Assuming that the grid voltage is constant during the
sampling period, P(k 4 2) and Q(k + 2) can then be predicted
using P(k + 1) and Q(k + 1) as the new initial state variables
and V' ;(k) as the input. Consequently, the cost function in (21)
should be revised to

J={P" —Pk+2)+(Q —Qk+2)*. (22)
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Fig. 4. Tllustration of prediction scheme. (a) N = 1. (b) N = 2 considering
different vectors during each sampling period. (c) N = 2 considering the same
vectors during two sampling periods.

C. Switching Frequency Reduction

In distributed-power generation, the lower the switching fre-
quency is, the less the power loss will be produced, i.e., higher
efficiency can be obtained. In order to reduce the switching
frequency, a two-step prediction horizon is employed. When
only one-step prediction is considered, eight voltage vectors
are evaluated during one sampling period. For a prediction
horizon of N = 2, one voltage vector is applied during the first
sampling period, and another voltage vector is applied during
the second sampling period. In this case, 72 sequences of two
voltage vectors are possible, as illustrated in Fig. 4(b). This
means that a total of 49 possible sequences should be evaluated,
which will lead to difficulties in experimental implementation
as it requires a large amount of calculations.

To reduce the computational burden, a simplified two-step
prediction is employed here. In this scheme, the same voltage
vector is evaluated during the second sampling period [23].
Consequently, only seven voltage vectors are evaluated during
the two-step prediction, as depicted in Fig. 4(c). This approach
presents a similar performance but with much less switching
frequency than evaluating 49 voltage vectors.

The cost function for this modified two-step prediction can
be expressed as

J=[P" =P+ +[Q —Q(k+1)

+P =P+ +[Q - Qk+2)]. (23

Similarly to the one-step horizon prediction, the discrete-
time model of the system derived in Section III-A is used to
predict the active and reactive powers until time k + 2 (i.e.,
two consecutive sampling periods) for eight voltage vectors,
and the one which minimizes this cost function is applied. This
algorithm is repeated for each sampling period. It can be noted
that the one-step delay has been compensated for in the cost
function. Therefore, this two-step horizon prediction reduces
not only the switching frequency but also the power ripple in
the actual digital implementation.

IV. NUMERICAL SIMULATION

The proposed control strategy was tested in simulation us-
ing MATLAB/Simulink. The system parameters are listed in
Table I. A constant 300-V dc source was used to simulate

TABLE 1
SYSTEM PARAMETERS

Filter resistance 036 Q
Filter inductance L 4.7 mH
Grid voltage Vg 133V
Voltage frequency f 50 Hz
DC source voltage Vie 300V
Sampling period T 50 ps

0.2 0.22 0.24 0.26 0.28 0.3
Time (sec)
2000
3
% 1000
S A
o P a
-1000
0.2 0.22 0.24 0.26 0.28 0.3
Time (sec)
(a)
<
c
@
5
(@]
15 L L L L
0.2 0.22 0.24 0.26 0.28 0.3
Time (sec)
(b)
Fig. 5. Simulated dynamic response. (a) Active and reactive powers injected

into the grid. (b) Line currents.

the PV output. In the test, the proposed MPDPC strategy is
investigated, i.e., the simplified two-step horizon prediction
with cost function (23) is used.

Fig. 5 presents the power regulation performance. Initially,
the reactive power was set to 0 VAr while the active power was
stepped from 0 W to —2 kW at 0.22 s and stepped back to 0 W
at 0.24 s. After that, the active power was kept at 0 W while the
reactive power was stepped down to —1 kVar and then stepped
up to 2 kVAr. It can be seen that the proposed MPDPC strategy
produces an excellent dynamic response; the actual powers are
very fast at tracking the references with an absolute absence of
overshoot currents. Fig. 6 shows the spectrum of the line current
in steady state with P* = —1 kW and Q* = —1 kVAr. It can be
observed that the current injected into the grid is very sinusoidal
with a total harmonic distortion (THD) of only 2.87%.
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V. EXPERIMENTAL VERIFICATION

The proposed control strategy was further validated by exper-
iment using a laboratory PV system setup, as shown in Fig. 7.
It consists of the following devices: a three-phase Semikron
intelligent insulated-gate bipolar transistor power module as the
inverter, an ABB dc power source, a three-phase L filter, an
overcurrent protection device, and a three-phase isolated trans-
former to increase the inverter output voltage from 133 to 415V
for main grid connection. A dSPACE DS1104 PowerPC/digital
signal processor (DSP) control board was employed to im-
plement the real-time algorithm coding using C language for
the control. The voltages and currents are sampled using
ControlDesk, which is interfaced with the DS1104 and a PC at a
sampling rate of f; = 20 kHz. The system parameters are kept
the same as the simulation. For easy illustration, the complete
block diagram of the controller for experimental implemen-
tation is shown in Fig. 8, which is actually the description
of Fig. 2(b) in detail. After the voltage vector is selected
according to the cost function, the block “Pulses Generation”
is used to generate the pulsewidth-modulation (PWM) signals.
For instance, when V'5(110) is determined, it can be generated
just simply by turning on the upper switch and turning off the
bottom switch of leg A of the inverter, and turning on the upper
switch and turning off the bottom switch of leg B, and turning
off the upper switch and turning on the bottom switch of leg C.

Since conventional SDPC [6] has had a great impact on
the technology and is commonly used, it is used here as a

Vy(k P(k) =
Voltage and il )> Powers —| Predictive E’(k) ';\/\ ‘Vdf
current sensor »| Estimation (9) |—»| Model (17) | Y\/ -
1%) o—, =
P(l+1 'y O(k+1)

PWM v

< Pulses k_{ Cost Function

< <

Inverter < Generation (22) or (23)
Fig. 8. Complete block diagram of the proposed MPDPC controller.
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Fig. 9. Experimental dynamic response. (a) SDPC. (b) MPDPC.

benchmark for the proposed MPDPC strategy to compare to.
It can be noted that the simplified two-step horizon prediction
with cost function (23) was employed for the MPDPC approach
in the experimental tests put forward here, unless explicitly
indicated otherwise.

A. Flexible Power Regulation

In the experimental tests, a severe active power variation was
demanded, and the control strategies driving the grid-connected
inverter react in a quick and safe manner. The selected active
power variation is a step of 2 kW while the reactive power
is kept constant. Fig. 9 shows the transient response of both
control strategies. From top to bottom, the curves presented
are active power, reactive power, grid voltage, and line cur-
rent. For the SDPC, the inverter switching states are selected
according to a lookup table. The active and reactive powers
are controlled directly without coordinate transformation and
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Fig. 10. Experimental dynamic response with changing reactive power com-
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Fig. 11. Zoomed responses of SDPC and proposed MPDPC with step change
of active powers.

PWM modulators; hence, a quick dynamic performance can
be achieved. From Fig. 9(a) and (b), it can be seen that both
SDPC and MPDPC permit a fast and safe transient response,
thus demonstrating the excellent dynamic performance of the
proposed MPDPC strategy. On the other hand, the results of
reactive power commanded are presented in Fig. 10. Similarly,
a fast and safe transient response can be achieved.
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Fig. 12. Comparison of line current spectra in steady state. (a) SDPC.
(b) MPDPC.

TABLE 1I
QUANTITATIVE COMPARISON OF DIFFERENT
CONTROL STRATEGIES IN EXPERIMENT

. ﬂ f.;'w THD P T Qri
Strategles G Gy o) W) (Van
SDPC 20k 332k 5.71 68.84 92.06
MPDPC.I 20k 341k 3.10 61.90 60.53
MPDPC.II 20k 1.72 k 3.64 67.23 61.75

To prove the superiority of the proposed MPDPC compared
to SDPC in transient response, the waveforms of the active
powers at around 0.07 s are zoomed and plotted in Fig. 11. It
can be seen that the proposed MPDPC method has a quicker
dynamic response than that of SDPC.

Fig. 12 compares the line current spectra for the SDPC and
MPDPC methods in steady state. It is found that both SDPC
and MPDPC have broad harmonic spectra. However, the power
quality of MPDPC is improved significantly with a THD of
only 3.6%.

B. Switching Frequency Reduction

In order to validate the effectiveness of the switching fre-
quency reduction scheme, several tests have been carried out
separately. For ease of illustration, the MPDPC strategy using
cost function (22) with prediction horizon N = 1 is donated
as MPDPC.I, while the MPDPC strategy using cost function
(23) with prediction horizon N = 2 is donated as MPDPC.IIL.
The quantitative comparison is summarized in Table II. This
includes the average switching frequency fs,, line current
THD, active power ripple, and reactive power ripple. The
average switching frequency is obtained using the formula
fsw = N/6/0.05/2, where N is the total switching instants of
the six inverter legs during a fixed period of 0.05 s. The power
ripples P, and Qyip are calculated using standard deviation.

From Table II, it is found that the best overall THD improve-
ment is when using MPDPC.I. It has almost the same switching
frequency (3.4 kHz) when compared to SDPC. This is as
expected because the MPDPC controller selects the most appro-
priate voltage vector based on a cost function rather than choos-
ing the vector according to a predefined lookup table. If the
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Fig. 13. Comparison of switching frequency and line current.

switching frequency reduction is considered, i.e., MPDPC.II is
used, the switching frequency is reduced considerably to only
1.7 kHz with slight deterioration in terms of current THD and
power ripple compared to MPDPC.I. To obtain an intuitive
view, the switching frequencies and current THDs are further
compared in Fig. 13. It can be seen that the power quality of
the current injected into the grid is improved, with almost half
of the switching frequency compared to SDPC. This shows the
effectiveness of the switching frequency reduction scheme.

VI. CONCLUSION

This paper has proposed an MPDPC method with excellent
transient and steady-state performance. Using this method,
a grid-connected inverter system can achieve flexible power
regulation and switching frequency reduction. The controller
is simple and effective. It uses a system model to predict
the system behavior; a cost function is then utilized to select
the most effective voltage vector. Consequently, no coordinate
transformation and proportional—integral regulators are needed,
and no switching table and PWM modulators are involved. Both
simulation and experimental results are provided to validate the
effectiveness of the proposed control strategy, showing that it is
very suitable for distributed renewable power generation.
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